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cuss	alternative	 factors	 that	may	have	been	 responsible	 for	 the	elevated	 levels	of	
genetic	diversity	and	highlight	 the	 importance	of	 incorporating	historic	 specimens	
into	demographic	analyses.
K E Y W O R D S
demographic	history,	genetic	bottleneck,	genetic	diversity,	historic	DNA,	invasive,	multiple	
introductions,	sampling	design
2  |     DIEDERICKS Et al.
1  | INTRODUC TION
Understanding	 the	 demographic	 history	 of	 populations	 consti-
tutes	a	fundamental	aspect	of	evolutionary	biology.	Invasive	spe-








Lowe,	 2008;	 Stapley,	 Santure,	 &	 Dennis,	 2015;	 Zenni,	 Bailey,	 &	
Simberloff,	 2014)	 and	provides	 insight	 into	 the	 role	 that	 genetic	
variability	 plays	 in	 an	organisms’	 invasive	 success	 (Edelaar	 et	al.,	
2015).	Ultimately,	this	information	allows	predictions	to	be	made	
on	population	viability,	aiding	in	the	development	of	an	appropri-
ate,	 species-	specific	 management	 strategy	 (Chown	 et	al.,	 2015;	
Meyer	et	al.,	2017;	Prentis	et	al.,	2008).












to	 date	 have	 focussed	 exclusively	 on	 contemporary	 populations,	
thereby	relying	heavily	on	the	premise	that	the	historic	population	
structure	within	the	native	range	has	been	maintained	over	time.
Historic	 DNA	 serves	 as	 a	 valuable	 reference	 when	 examining	




2007).	 This	 temporal	 approach	 increases	 the	 chance	 of	 detecting	
subtle	 changes	 frequently	 overlooked	 by	 studies	 focussing	 only	
on	 contemporary	 data	 (Lozier	 &	 Cameron,	 2009)	 and	 thus	 allows	
us	to	delineate	the	most	likely	invasion	scenario	(Gillis	et	al.,	2009;	
Thompson	et	al.,	2011;	Van	Kleunen,	Weber,	&	Fischer,	2010)	and	
reveal	 connectivity	 levels	 among	 invasive	 populations	 (Beneteau,	
Walter,	Mandrak,	&	Heath,	2012;	Funk,	Garcia,	Cortina,	&	Hill,	2011;	
Snyder	&	 Stepien,	 2017).	 This	may	 be	 of	 particular	 importance	 in	
studies	conducted	on	taxa	for	which	there	is	a	priori	reason	to	sus-
pect	 temporal	 fluctuations	 in	 genetic	 variation,	 such	 as	 highly	 ex-
ploited	(and	subsequently	stocked)	taxa	or	species	often	associated	
with	human-	mediated	dispersal.	Hence,	 from	an	evolutionary	per-
spective,	 the	 incorporation	of	historic	DNA	 is	 therefore	of	 funda-
mental	importance.
Smallmouth	bass,	Micropterus dolomieu	 (Lacepèdé,	1802),	pres-
ents	 a	 suitable	 model	 system	 to	 investigate	 variation	 in	 genetic	
diversity	 through	 space	 and	 time,	 as	 the	 species’	 exploitation	 and	
subsequent	 stocking	 events	within	 the	 native	 range	 are	well	 doc-
umented	 (Long,	Allen,	 Porak,	&	 Suski,	 2015),	 and	 its	 formal	 intro-
duction	history	and	subsequent	spread	into	and	throughout	South	
Africa	 are	well	 recorded	 (De	Moor	 &	 Bruton,	 1988).	 Twenty-	nine	
M. dolomieu	 specimens	 originating	 from	 broodstock	 collected	 in	
the	 Wheeling	 River,	 West	 Virginia,	 USA,	 were	 shipped	 from	 the	
Lewistown	hatchery	 in	Maryland,	USA,	 to	 the	Jonkershoek	hatch-
ery	 in	 South	Africa	 in	 1937	 (De	Moor	&	Bruton,	 1988;	 Loppnow,	
Vascotto,	&	Venturelli,	2013;	Powell,	1967).	Here,	they	were	reared	
and	bred	before	being	released	into	multiple	water	bodies	across	the	
country	 to	 provide	 opportunities	 for	 angling	 (De	Moor	 &	 Bruton,	
1988).	Most	of	the	documented	stockings	(De	Moor	&	Bruton,	1988)	
occurred	prior	to	the	cessation	of	government	support	to	stocking	
programs	 in	 the	 early	 1990s	 (Ellender,	Woodford,	Weyl,	 &	 Cowx,	
2014).
Considering	 that	 both	 the	 historical	 record	 and	 contemporary	
distributions	 of	M. dolomieu	 in	 South	Africa	 are	well	 documented,	
this	 study	 aims	 to	 (a)	 assess	 the	 genetic	 differentiation	 and	diver-
sity	within	M. dolomieu	 populations	 in	South	Africa,	 (b)	 investigate	
how	genetic	diversity	changed	over	time	in	both	native	and	invasive	










2  | MATERIAL S AND METHODS
2.1 | DNA collection and extraction from historical 
specimens
Specimens	 representing	 the	 historical	 native	 range	 (Figure	1),	 cor-
responding	 to	 the	 approximate	 time	 of	 introduction	 into	 South	
Africa	(1930–1941),	were	obtained	from	a	host	of	collections	housed	
at	 the	 Smithsonian	National	Museum	of	Natural	History	 (NMNH),	
The	 Academy	 of	 Natural	 Sciences	 of	 Drexel	 University	 (ANSP),	
University	of	Michigan	Museum	of	Zoology	(UMMZ)	and	the	Ohio	
State	University	Museum	(OSUM)	(Table	1;	Appendix	1).	In	total,	53	




Genomic	 DNA	 was	 extracted	 from	 preserved	 muscle	 tissue	
(20–50	mg)	in	a	room	previously	unexposed	to	fish	DNA	using	steril-
ized	equipment.	Prior	to	each	extraction,	all	equipment	and	surfaces	
     |  3DIEDERICKS Et al.
were	treated	with	10%	bleach	to	remove	any	potential	contaminants.	











that	 this	 kit	 consistently	 outcompeted	 other	 extraction	 methods	
when	 working	 with	 old	 (1820–1950),	 formalin-	fixed	 tissue.	 Apart	
from	 doubling	 the	 amount	 of	 proteinase	 K	 added	 to	 each	 sample	
(60	μl),	 extraction	 followed	 the	manufacturers’	 protocol.	 To	 break	
the	formalin	bonds,	the	samples	were	heated	to	90°C	for	1	hr	before	






2.2 | DNA collection and extraction from 
contemporary specimens
Fresh	tissue	samples	(muscle,	liver,	fin	clippings)	were	derived	from	
specimens	 collected	 by	 angling	 in	 both	 the	 native	 United	 States	
of	America	 (USA)	and	Canada	and	 the	 invasive	South	African	 (SA)	
ranges	 during	 the	 summer	 months	 of	 2014	 and	 2015	 (Figure	1).	
Collections	in	North	America	were	led	by	a	host	of	individuals	and	
organizations	based	in	the	USA	and	Canada	(see	Acknowledgements).	
Nine	 localities	 rendering	 a	 total	 of	 213	 specimens	 were	 sampled	
from	the	same	“broad”	area	represented	by	the	historical	samples	to	
allow	 for	direct	genetic	diversity	comparisons	 (Table	1).	Additional	
specimens	 collected	 in	 2014	 (n	=	7;	 formalin	 fixed),	 representing	
the	Detroit	River,	were	obtained	 from	 the	Royal	Ontario	Museum	
(ROM),	Canada.
All	 SA	 specimens	 were	 euthanized	 with	 clove	 oil	 (CapeNature	
permit	 number	 0056-	AAA043-	00004;	 Eastern	 Cape	 permit	 num-
bers	 CRO	 165/14CR	 and	 CRO	 166/14CR;	 Mpumalanga	 permit	
number	 MPB.	 5498/2;	 Ethical	 clearance	 reference	 number	 SU-	
ACUM14-	00011,	University	of	Stellenbosch)	before	sampling	a	piece	
of	 tissue.	 Tissue	 samples	 were	 stored	 in	 70%	 ethanol	 for	 subse-
quent	DNA	extraction.	Additional	specimens	(n	=	63)	were	obtained	
from	 the	 South	 African	 Institute	 for	 Aquatic	 Biodiversity	 (SAIAB),	
Grahamstown,	South	Africa,	rendering	a	total	sample	size	of	306	spec-
imens	 representing	 eight	 river	 systems	 (Table	1;	 Appendix	1).	 DNA	
was	extracted	from	each	contemporary	specimen	(USA	&	SA)	using	
the	 NucleoSpin	 Tissue	 extraction	 (gDNA)	 kit	 (MACHEREY-	NAGEL,	
Separations,	Cape	Town,	South	Africa)	following	the	manufacturers’	
protocol.	All	DNA	extractions	were	stored	at	−20°C.
2.3 | Historical and contemporary DNA 
amplification
To	 corroborate	 the	 morphological	 identification	 of	 the	 contem-
porary	collected	specimens	and	assess	genetic	diversity	and	de-
mographic	 history	 of	 both	 native	 and	 invasive	 populations,	 two	
partial	 mitochondrial	 DNA	 (mtDNA)	 gene	 regions,	 namely	 cy-
tochrome	b	 (cytb)	and	control	 region	 (CR),	were	amplified	 for	all	
the	 contemporary	 samples	 (n	=	519).	 This	 was	 not	 possible	 for	
the	 historical	 samples	 due	 to	 the	 limited	 availability	 of	 tissue	
and	 the	 degraded	 nature	 of	 the	DNA.	 A	 standard	 25	μl	 master-
mix	 was	 prepared	 for	 both	 mtDNA	 polymerase	 chain	 reactions	
(PCRs).	 The	 internal	 cytb	 primers,	 basscytbf1	 (5′-	CAC	CCC	 TAC	













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































     |  5DIEDERICKS Et al.
CGG	GTG	AGG	G-	3′;	Near,	Kassler,	Koppelman,	Dillman,	&	Philipp,	
2003),	 were	 used	 to	 amplify	 the	 cytb	 fragment.	 The	 primer	 set	




through	 gel	 electrophoresis	 before	 being	 sequenced	 (ABI	 3730	
XL	DNA	Analyzer,	Applied	Biosystems,	CAF,	Stellenbosch,	South	
Africa).	 Chromatographs	 were	 visually	 inspected	 and	 aligned	 in	
Geneious®	10.0.2	(Biomatters,	Auckland,	New	Zealand).
Fifteen	 microsatellite	 loci,	 designed	 for	 both	 species-	 and	
genus-	level	 amplification,	 were	 selected	 from	 published	 literature	
(Supporting	 Information	 Table	 S1).	 Of	 these,	 only	 11	 loci	 (eight	
species-	specific:	Mdo3,	Mdo4,	Mdo5,	Mdo7,	Mdo8,	Mdo9,	Mdo10,	
Mdo11—Malloy,	 Den	 Bussche,	 Jr,	 Coughlin,	 &	 Echelle,	 2000;	 and	


































To	 assess	 genetic	 diversity	 levels	 in	 both	 the	 contemporary	 native	




1989).	 Assessment	 of	 genetic	 population	 structure	 was	 conducted	
combining	both	native	and	invasive	contemporary	data	sets	for	each	
gene	fragment.	Pairwise	FST	values	were	calculated	and	a	hierarchical	




2.5 | Contemporary and historical 
microsatellite analyses
All	microsatellite	 loci	were	 assessed	 for	 linkage	disequilibrium	and	
deviations	 from	 Hardy–Weinberg	 equilibrium	 (HWE)	 in	 Genepop	
4.2.1	 (Rousset,	 2008),	 with	 statistical	 significance	 assessed	 after	
10,000	 iterations.	The	Bonferroni	method	was	used	 to	correct	 for	
multiple	 comparisons	 (Rice,	 1989).	 Amplification	 errors	 associated	




to	 check	 for	 the	 presence	 of	 null	 alleles	 using	 the	 EM	 algorithm	
(Dempster,	Laird,	&	Rubin,	1977).	Intraspecific	and	within-	population	
genetic	 diversity	 levels	 were	 assessed	 as	 number	 of	 alleles	 (Na),	
allelic	richness	(AR),	observed	(HO)	and	expected	heterozygosity	(HE),	















contemporary	 SA–USA	 comparisons	 encompassed	 nine	 loci.	 First,	














was	 employed	 to	 assess	 statistical	 significance	 (Chapuis	&	 Estoup,	
2007).	Next,	BOTTLENECK	1.2.02	 (Piry,	 Luikart,	&	Cornuet,	1999)	
was	used	to	test	the	prediction	that	both	contemporary	populations	
(CI	 and	 CN)	 experienced	 a	 recent	 genetic	 bottleneck.	 Populations	
that	have	undergone	a	genetic	bottleneck	are	often	associated	with	
a	 loss	of	 (rare)	 alleles	and	display	elevated	 levels	of	heterozygosity	
when	compared	to	stable	populations	(Piry	et	al.,	1999).	Thus,	signifi-
cant	heterozygote	excess	was	evaluated	for	each	of	the	three	groups	











from	 the	 historical	 and	 contemporary	 native	 range	 and	 (c)	 search	
for	 a	 potential	 source	 population	 from	 where	 the	 invasive	 South	
African	 stocks	originated.	 Four	 STRUCTURE	analyses	 (each	group	
independently	 followed	by	 an	 analysis	 combining	CI,	 CN	 and	HN)	
were	 conducted	 using	 the	 admixture	model	with	 correlated	 allele	
frequencies,	 allowing	 each	 individual	 to	 be	 allocated	 to	 multiple	
clusters	 as	 determined	 by	 its	 genotype	 frequency.	 Five	 replicate	
runs	were	conducted	for	each	K	(1	<	K <	15).	Runs	were	conducted	
using	an	initial	burn-	in	of	75,000	Markov	chain	Monte	Carlo	(MCMC)	
generations,	 followed	 by	 350,000	 MCMC	 steps.	 STRUCTURE	
HARVESTER	 0.6.94	 (Earl	 &	 vonHoldt,	 2012)	 was	 used	 to	 deter-




















populations	 BE	 and	OL;	 Figure	4:	 b),	 we	 simulated	 nine	 additional	
scenarios	to	test	the	theory	of	multiple	introductions	(Figure	5:	A–I;	
Appendix	2).	At	 last,	as	suggested	by	Guillemaud,	Beaumont,	Ciosi,	




same	 source	or	 (c)	 an	unsampled	 source	population	 (Figure	5:	 i–iii;	








(i.e.,	mean	genetic	 diversity,	 number	of	 alleles,	 allele	 size	 variance,	
mean	index	of	classification,	shared	allele	distance,	distance	between	
samples	and	FST)	to	the	observed	data	(Cornuet	et	al.,	2014).	As	the	
mean M	 index	 across	 loci	 (Garza	&	Williamson,	 2001)	was	 initially	
developed	with	conservation	planning	in	mind,	this	statistic	does	not	









scenario	1).	The	 type	 I	 error	 rate	was	determined	by	 counting	 the	
number	of	times	the	PPs	were	higher	for	any	scenario	other	than	the	






A	 total	 of	 292	M. dolomieu	 specimens	 collected	 from	 eight	 river	
systems	 in	 the	 invasive	 SA	 range	 (CI)	were	 successfully	 sequenced	




the	 CI	 range,	 but	 similar	 haplotype	 and	 nucleotide	 diversity	 levels	
were	observed	(Table	2).	Overall,	high	haplotype	and	low	nucleotide	
diversity	levels	were	observed	for	both	native	(cytb:	h = 0.976	±	0.005,	
π	=	0.051	±	0.025;	 CR:	 h = 0.977	±	0.007,	 π	=	0.044	±	0.021)	
and	 invasive	 (cytb:	 h = 0.967	±	0.007,	 π	=	0.087	±	0.043;	 CR:	
h = 0.985	±	0.003,	 π	=	0.039	±	0.019)	 populations,	 but	 differed	
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between	sampling	localities	and	gene	fragment	(Table	2).	In	particular,	
overall	nucleotide	diversity	was	higher	for	cytb	in	the	CI	populations	
(Table	2).	 Significant	 deviations	 from	 neutrality	 were	 observed	 for	
Tajima’s	D	and	Fu’s	Fs	in	both	native	and	invasive	range	and	both	gene	
fragments	(Table	2).	Pairwise	FST	measures	revealed	two	significantly	






different	 from	 any	 of	 the	 CI	 populations,	 except	 KO.	 Similarly,	 for	
the	CR,	 the	CN	populations	ONEO	and	SAR	were	 not	 significantly	
different	from	the	majority	of	CI	populations	(Supporting	Information	
Table	 S2).	 Significant	 within	 grouping,	 differentiation	 (though	
markedly	less	so	for	the	USA	cytb)	was	also	observed	in	both	cytb	and	
CR	(Supporting	Information	Table	S2).	The	AMOVA	results	revealed	
that	 the	 largest	 proportion	 of	 genetic	 variation	 (cytb:	 94.79%;	 CR:	








ranges,	 were	 successfully	 genotyped	 for	 nine	 microsatellite	 loci,	
while	 53	 museum	 samples,	 representing	 11	 localities	 within	 the	
historical	 native	 range,	 were	 successfully	 genotyped	 for	 eight	
microsatellite	 loci.	 Neither	 of	 the	 three	 groups	 (CI,	 CN	 and	 HN)	
displayed	amplification	errors	 (i.e.,	 large	allele	dropout,	stuttering),	





BE	=	0.26,	 OL	=	0.17,	 MUS	=	0.43;	 Supporting	 Information	 Table	
S3).	 Further	 inspection	 revealed	 that	 this	 deviation	 was	 due	 to	 a	
heterozygote	deficit	within	each	of	the	three	populations,	suggesting	
the	presence	of	a	Wahlund	effect	(Wahlund,	1928;	Waples,	2014),	
albeit	 negligible	 (Guillemaud	 et	al.,	 2015;	 Lye,	 Lepais,	 &	 Goulson,	
2011).	Hence,	all	further	analyses	were	conducted	on	the	complete	
data	set.	The	number	of	alleles	 (Na)	and	allelic	 richness	 (AR)	were	
consistently	 higher	 in	 the	 HN	 data	 set,	 and	 similar	 between	 the	
two	 contemporary	 data	 sets:	 HN	 AR	=	4.25,	 CI	 AR	=	1.79–3.15,	
CN	 AR	=	2.17–2.69	 (Supporting	 Information	 Table	 S3).	 Multilocus	
genetic	 diversity	 (observed	 heterozygosity,	HO)	 ranged	 from	 0.39	
(ONEI)	 to	0.59	 (DET),	while	 levels	of	expected	heterozygosity	 (HE)	
ranged	from	0.35	(MP)	to	0.73	(MUS)	across	all	loci.
There	 was	 substantial	 variation	 in	 observed	 heterozygosity	
(HO)	 among	 populations	 and	 loci,	 with	 reservoirs	 (catchment	 size	
<5,000	km2)	 consistently	 displaying	 lower	 levels	 of	 HO	 (Figure	2,	
Supporting	Information	Figure	S2).	Moreover,	the	ANOVA	revealed	
significant	differences	in	HO	between	the	three	groups	(F2,214	=	22.90,	
p =	<0.001),	 with	HO	 being	 higher	 for	 HN	 compared	 to	 both	 con-
temporary	groups	(Bonferroni	post hoc	test	p < 0.001).	A	significant	
marker	 effect	 (F7,214	=	19.82,	 p < 0.001)	 was,	 however,	 observed.	
Overall,	FST	 among	HN	 samples	was	 significantly	 low	 (FST = 0.013; 











and	CN	under	the	IAM	model	(p = 0.002 and p = 0.010,	respectively),	
but	this	was	not	the	case	under	the	TPM	model	(CI:	p = 0.230;	CN:	
p = 0.473).	Similarly,	no	significant	excess	of	heterozygotes	was	de-
tected	for	the	HN	population	(IAM:	p = 0.473;	TPM:	p = 0.998).




between	 the	 two	 groups	were	 observed.	 The	 Bayesian	 clustering	
analyses	conducted	 in	STRUCTURE	 revealed	population	 substruc-
turing	within	the	CI	localities,	with	Delta	K	(Evanno	et	al.,	2005)	re-
trieving	K = 5	as	the	most	probable	number	of	clusters	 (Figure	4a).	
Both	CI	reservoirs	(BU	and	MP)	were	represented	by	their	own	clus-
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Scenarios	C	and	F	(Supporting	Information	Table	S5).	The	third	set	
of	 simulations	 (Scenarios	 i–iii;	Supporting	 Information	Figure	S1),	








Numerous	 studies	 have	 compared	 genetic	 diversity	 levels	 across	
native	and	invasive	ranges	in	an	attempt	to	reconstruct	the	invasion	
history	of	 invasive	 species	 (reviewed	 in	Dlugosch	&	Parker,	 2008;	
Lee,	 Patel,	 Conlan,	 Wainwright,	 &	 Hipkin,	 2004;	 Novak	 &	 Mack,	
2005;	Rius	&	Darling,	2014;	Roman	&	Darling,	2007),	 yet	most	of	




M. dolomieu	 as	 a	 study	 organism	 and	 incorporating	 both	 historical	
and	 contemporary	 native	 and	 invaded	 range	 samples,	 our	 results	
reveal	 that	 genetic	 diversity	 and	 population	 dynamics	 can	 indeed	
differ	across	both	spatial	and	temporal	scales.
4.1 | Genetic diversity through space and time
Elevated	 levels	 of	 genetic	 diversity	were	 observed	 in	 the	 contem-
porary	invasive	(CI)	range	when	compared	to	the	contemporary	na-







for	 Atlantic	 salmon	 (Salmo salar;	 Nielsen,	 Hansen,	 &	 Loeschcke,	
1997).	The	authors	observed	a	significant	decrease	in	Na	for	the	con-
temporary	population	when	compared	to	samples	collected	60	years	
before,	 likely	 due	 to	 a	 recent	 genetic	 bottleneck.	Our	 results	 sup-
port	this	proposition,	as	the	CN	population	exhibited	high	haplotype,	
but	low	nucleotide	genetic	diversity,	as	well	as	significantly	negative	





tion	 size,	 such	 as	 the	ones	 experienced	by	 commercially	 exploited	
species,	are	known	to	leave	signatures	in	the	genetic	diversity	of	spe-
cies,	in	particular	by	reducing	Na	and	AR	(Pinsky	&	Palumbi,	2014).	
Thus,	 the	 observed	 contemporary	 population	 dynamics	 of	 M. do-
lomieu	 in	 its	native	 range	might	have	 resulted	 from	the	 interaction	
between	overfishing	and	restocking	events	during	the	last	two	cen-
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4.2 | Population substructuring in an invaded range
Elevated	levels	of	genetic	diversity	are,	however,	not	uncommon	in	
invasive	species	 in	a	novel	 invaded	range	and	are	often	attributed	
to	 multiple	 introductions	 and/or	 population	 mixture	 (see	 Rius	 &	
Darling,	 2014	 for	 a	 comprehensive	 review).	 The	 results	 from	 the	
STRUCTURE	 analyses	 appear	 to	 contradict	 the	 historical	 records	
stating	that	invasive	South	African	M. dolomieu	populations	originate	
from	a	 single	 introductory	event	 from	the	USA	 in	1937.	A	genetic	









lation	 (CIS),	 the	 ABC	 analyses	 supported	 the	 STRUCTURE	 results	
and	 suggested	at	 least	 two	 introductions:	one	coinciding	with	 the	
recorded	historic	 introduction	and	at	 least	one	more	 recent	 intro-
duction.	 Indeed,	 the	observed	admixture	between	CI	and	CN	sug-
gests	 that	 the	 more	 recent	 introduction	 also	 originated	 from	 the	







Wahlund	 effect	within	 the	HN	 range,	 likely	 due	 to	 the	 pooling	 of	
multiple	populations,	may	too	have	decreased	the	accuracy	of	 the	
ABC	 results.	 Although	 our	 results	 support	 the	 notion	 of	 multiple	
introductions,	 this	 should	 be	 interpreted	 with	 caution	 as	 several	
factors	may	be	responsible	for	this	pattern,	including	an	unsampled	
source	 population,	 postinvasion	 genetic	 drift,	 insufficient	 marker	
resolution	 and	 admixture	 in	 the	 source	 population	 (Chown	 et	al.,	
2015;	Gray	et	al.,	2014).	Given	that	hatcheries	make	use	of	artificial	
selection	techniques	to	enhance	species	production	and	abundance	
(e.g.,	 Aprahamian,	 Smith,	 McGinnity,	 McKelvey,	 &	 Taylor,	 2003;	
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were	of	admixed	or	hybrid	origin,	as	has	been	reported	for	stockings	
of	 S. fontinalis	 (Cooper,	Miller,	 &	 Kapuscinski,	 2010;	 Lamaze	 et	al.,	
2012;	Sloss,	Jennings,	Franckowiak,	&	Pratt,	2008).
Invasive	species	capable	of	harbouring	 large,	genetically	diverse	
source	 populations	 are	 thought	 to	 make	 better	 invaders	 (Gaither,	
Bowen,	&	Toonen,	2013),	as	they	are	equipped	with	higher	adaptive	
potential	(Dlugosch,	2006;	Lavergne	&	Molofsky,	2007;	Wellband	&	














known	 angling	 “hotspots,”	M. dolomieu	 are	 popular	 angling	 species	





4.3 | The influence of sampling design on 
genetic diversity




Richardson,	 2009).	However,	 sampling	problems	 such	 as	 the	num-
ber	of	native	versus	 invasive	populations	sampled	and	the	number	
of	 individuals	 sampled	 per	 population	may	 hinder	 the	 accuracy	 of	
the	molecular	markers	to	identify	the	source	population	(Guillemaud	
et	al.,	2010).	To	date,	however,	no	study	has	looked	at	the	effect	that	
“sampling	 locality”	may	have	on	 each	populations’	 genetic	 compo-
sition	 and,	 hence,	 genetic	 diversity.	 For	 example,	 aquatic	 freshwa-
ter	species,	particularly	 fish,	are	often	collected	 from	natural	 lakes	
or	man-	made	reservoirs	due	to	the	ease	of	collection	and	the	large	
number	of	 individuals	present.	These	 specific	 sampling	 sites,	how-
ever,	 often	 display	 much	 lower	 levels	 of	 genetic	 variability	 when	
compared	 to	 rivers,	 as	 suggested	 by	 our	 results	 (localities	BU	 and	
MP	 in	 the	 invasive	 range).	 Similarly,	 a	 recent	 study	 reconstructing	
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may	increase	the	fitness	of	this	already	highly	successful	invader.	As	
our	 study	 demonstrates	 the	 possibility	 of	 undocumented	 M. dolo-
mieu	introductions	into	the	country,	it	is	imperative	that	South	Africa	
strictly	 enforces	 its	 current	 legislation	with	 regard	 to	 avoiding	new	
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By Accession # Notes
USA Maryland Monocacy River Potomac	
River
1941 PO_1 ANSP ANSP	95683 Fry
USA Maryland Monocacy River Potomac	
River
1941 PO_2 ANSP ANSP	95683 Fry
USA Maryland Monocacy River Potomac	
River
















USA Virginia Shenandoah	River Shenandoah	
River
1934 SH_1 NMNH USNM	102132 Muscle	
tissue
USA Virginia Shenandoah	River Shenandoah	
River






1936 SH_3 NMNH USNM	100694 Muscle	
tissue
USA Virginia Shenandoah	River Shenandoah	
River
1933 SH_4 NMNH USNM	104928 Muscle	
tissue
USA Ohio Mosquito	Creek Mosquito	
Creek
1938 MO_1 OSUM OSUM	3568 Muscle	
tissue
USA Ohio Mosquito	Creek Mosquito	
Creek
1938 MO_2 OSUM OSUM	3568 Muscle	
tissue
USA Ohio Auglaize	River Auglaize	
River
1940 AU_1 OSUM OSUM	3814 Muscle	
tissue
USA Ohio Auglaize	River Auglaize	
River
1940 AU_2 OSUM OSUM	3814 Muscle	
tissue
USA Ohio Auglaize	River Auglaize	
River
1940 AU_3 OSUM OSUM	3942 Muscle	
tissue
USA Ohio Pusheta	Creek Auglaize	
River
1941 AU_4 OSUM OSUM	4343 Muscle	
tissue
USA Ohio Pusheta	Creek Auglaize	
River
1941 AU_5 OSUM OSUM	4343 Muscle	
tissue
USA Ohio Lake	Erie Lake	Erie 1941 LE_1 OSUM OSUM	4272 Muscle	
tissue
USA Ohio Lake	Erie Lake	Erie 1941 LE_2 OSUM OSUM	4272 Muscle	
tissue
USA Ohio Lake	Erie Lake	Erie 1941 LE_3 OSUM OSUM	4272 Muscle	
tissue
USA Ohio White	Oak	Creek Ohio River 1930 OH_1 OSUM OSUM	10834 Muscle	
tissue
USA Ohio White	Oak	Creek Ohio River 1930 OH_2 OSUM OSUM	10834 Muscle	
tissue
(Continues)
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By Accession # Notes
























1935 DE_4 UMMZ UMMZ	243459 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1935 DE_5 UMMZ UMMZ	243226 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1935 DE_6 UMMZ UMMZ	243226 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1935 DE_7 UMMZ UMMZ	243077 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1935 DE_8 UMMZ UMMZ	243077 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1935 DE_9 UMMZ UMMZ	243077 Muscle	
tissue
Canada Ontario Detroit	River Detroit	
River
1940 DE_10 UMMZ UMMZ	130878 Muscle	
tissue
Canada Ontario Detroit	River Detroit	
River
1940 DE_11 UMMZ UMMZ	130878 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1934 DE_12 UMMZ UMMZ	243009 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1934 DE_13 UMMZ UMMZ	243009 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1934 DE_14 UMMZ UMMZ	243009 Muscle	
tissue
USA Michigan Detroit	River Detroit	
River
1934 DE_15 UMMZ UMMZ	243009 Muscle	
tissue
USA Ontario Detroit	River Detroit	
River
1940 DE_16 UMMZ UMMZ	130896 Muscle	
tissue
USA Ontario Detroit	River Detroit	
River
1940 DE_17 UMMZ UMMZ	130896 Muscle	
tissue
USA Ontario Detroit	River Detroit	
River
1940 DE_18 UMMZ UMMZ	130896 Muscle	
tissue
USA New	York Otselic	River Susquehanna	
River
1935 SU_1 UMMZ UMMZ	109652 Muscle	
tissue
USA New	York Otselic	River Susquehanna	
River
1935 SU_2 UMMZ UMMZ	109652 Muscle	
tissue
USA New	York Otselic	River Susquehanna	
River



















1936 HU_1 UMMZ UMMZ	114240 Muscle	
tissue
(Continues)
A P P E N D I X   1  (Continued)
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1936 HU_4 UMMZ UMMZ	114240 Muscle	
tissue
USA New	York Allegheny	River Alleghany	
River
1937 AL_1 UMMZ UMMZ	180878 Muscle	
tissue
USA New	York Allegheny	River Alleghany	
River
1937 AL_2 UMMZ UMMZ	180878 Muscle	
tissue
USA New	York Allegheny	River Alleghany	
River
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APPENDIX 2
The scenario information used in the approximate Bayesian com-
putation (ABC) implemented in DIYABC
SCENARIO 1–6
Scenario	1:	CI	originated	from	the	HN	stock,	which	represents	a	sub-
sample	 of	 the	CN	populations;	 Scenario	 2:	 CI	 originated	 from	CN	
populations,	with	 both	 populations	 being	 derived	 from	HN	 (i.e.,	 a	
more	recent	introduction	event	than	the	one	on	record);	Scenario	3:	




and	 an	 unsampled	 ghost	 population;	 Scenario	 6:	 CI	 populations	
A P P E N D I X   1  (Continued)
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originate	from	an	admixture	event	between	the	sampled	CN	popula-
tions	and	an	unsampled	ghost	population.
SCENARIO A-  I
Scenario	A:	Most	of	 the	CI	 individuals	 and	 the	 subsample	of	 SA	





and	 HN)	 groupings	 stem	 from	 a	 communal	 source	 population.	
Scenario	C,	like	scenario	A,	states	that	CI	and	CIS	are	most	closely	
related,	originating	from	the	CN	population.	Both	CN	and	CI	+	CIS 




other,	 originating	 from	 CN.	 The	 Remaining	 CI	 individuals	 along	
with	 the	 HN	+	CIS	+	CN	 grouping	 originate	 from	 an	 unsampled	
population.	 Scenario	 F	 supports	 the	 STRUCTURE	 results,	 and	
states	that	HN	and	CIS	are	most	closely	related,	while	CI	and	CN	
are	more	 closely	 related.	Both	groupings	 (HN	+	CIS	 and	CI	+	CN)	
share	 an	 unsampled	 ghost	 origin.	 Like	 scenario	 F,	 scenario	 G	
groups	HN	and	CI	together	and	CN	and	CIS	together.	Both	group-
ings	 (HN	+	CI	 and	 CN	+	CIS)	 originate	 from	 an	 unsampled	 ghost	
population.	Scenario	H	proposes	a	closer	tie	between	HN	and	CI.	
This	grouping	(HN	+	CI)	along	with	CIS	individuals	originated	from	




SCENARIO I–I I I
The	 following	 three	 scenarios	were	 run	 to	 test	 if	 both	 introduc-
tions	(CI	and	CIS)	did	in	fact	originate	from	one	source	population,	
that	is,	USA	(CN	+	HN).	Scenario	G:	Both	CI	and	CIS	originated	in-
dependently	 from	 the	 source	 population	 (i.e.,	 multiple	 introduc-
tions	from	single	source).	Contrastingly,	scenario	H	suggests	that	
only	CIS	originated	from	the	source	population,	with	CI	originating	
from	 CIS	 (i.e.,	 single	 introduction).	 At	 last,	 scenario	 I	 states	 that	
both	CI	and	CIS	were	founded	independently	from	an	unsampled	
source	population,	which	 in	 turn	originated	 from	the	source	 (i.e.,	
multiple	 introductions,	 but	 only	 a	 single	 introduction	 from	 the	
source).
